T cells are crucial for the control of cytomegalovirus (CMV) in infected individuals. Although CMV-specific T cells can be quantified by various methods, clear correlates of protection from CMV disease have not been defined. However, responses to the pp65 protein are believed to play an important role. Here, the proportions of interferon ␥ -producing T cells following ex vivo activation with pools of overlapping peptides representing the pp65 and immediate early (IE)-1 proteins were determined at multiple time points and related to the development of CMV disease in 27 heart and lung transplant recipients. Frequencies of IE-1-specific CD8 T cells above 0.2 and 0.4% at day 0 and 2 wk, respectively, or 0.4% at any time during the first months discriminated patients who did not develop CMV disease from patients at risk, 50-60% of whom developed CMV disease. No similar distinction between risk groups was possible based on pp65-specific CD8 or CD4 T cell responses. Remarkably, CMV disease developed exclusively in patients with a dominant pp65-specific CD8 T cell response. In conclusion, high frequencies of IE-1 but not pp65-specific CD8 T cells correlate with protection from CMV disease. These results have important implications for monitoring T cell responses, adoptive cell therapy, and vaccine design.
T cells are crucial for the control of cytomegalovirus (CMV) in infected individuals. Although CMV-specific T cells can be quantified by various methods, clear correlates of protection from CMV disease have not been defined. However, responses to the pp65 protein are believed to play an important role. Here, the proportions of interferon ␥ -producing T cells following ex vivo activation with pools of overlapping peptides representing the pp65 and immediate early (IE)-1 proteins were determined at multiple time points and related to the development of CMV disease in 27 heart and lung transplant recipients. Frequencies of IE-1-specific CD8 T cells above 0.2 and 0.4% at day 0 and 2 wk, respectively, or 0.4% at any time during the first months discriminated patients who did not develop CMV disease from patients at risk, 50-60% of whom developed CMV disease. No similar distinction between risk groups was possible based on pp65-specific CD8 or CD4 T cell responses. Remarkably, CMV disease developed exclusively in patients with a dominant pp65-specific CD8 T cell response. In conclusion, high frequencies of IE-1 but not pp65-specific CD8 T cells correlate with protection from CMV disease. These results have important implications for monitoring T cell responses, adoptive cell therapy, and vaccine design.
CMV reactivation is frequent in virus carriers (1) ; however, CMV disease occurs only if the T cell response is compromised (2, 3) . Because T cells are instrumental in graft rejection, drugs suppressing the T cell response are required after transplantation. They do not as such cause CMV disease; however, they facilitate this life-threatening complication (2) . Therefore, prophylactic and/or preemptive antiviral treatment is often administered (4) . CTL responses have been known to correlate with recovery from CMV disease in bone marrow transplant (BMT) recipients since 1982 (3) . In murine CMV infection (BALB/c mice), the immediate early (IE) protein, pp89, was known to be an important CTL target protein already in the late 1980's, and CTL responses against pp89 were shown to mediate protection in several studies (5, 6) . IE-1-specific T cell responses in CMV-infected humans were described as early as 1991 (7) . However, a study in fully immune reconstituted BMT recipients in 1994 revealed that their CMV-specific CTLs were able to kill CMV-infected fibroblasts even if preincubated with actinomycin D (an inhibitor of CMV replication), and, therefore, these CTLs were believed to be directed at virion proteins such as pp65 (8) . Although actinomycin D permits the synthesis of IE gene products (9), IE-1 was no longer considered a relevant target, because reports had suggested that it was not efficiently presented on class I MHC after infection (10) . By contrast, virion proteins were known to be presented even in the absence of viral replication (11) , and additionally, pp65 itself was found to interfere with IE-1 presentation (12) . As a result, research in this field concentrated on pp65 (13, 14) . The interest in IE-1 as a T cell target in human CMV infection was not revived until T. Bunde and A. Kirchner share senior authorship for this work.
1999, when IE-1-specific CD8 T cells were described to occur in infected individuals at frequencies at least comparable to those of pp65-specific CD8 T cells (15) . To date, both pp65 and IE-1 are considered dominant T cell targets (6) . Some recent studies confirmed a positive correlation between immune reconstitution and rising numbers of pp65-specific T cells (16) (17) (18) . Unfortunately, IE-1-specific CD8 T cells were not included in these investigations, and, after BMT, any parameter indicating the return or advent of CMV-specific T cell immunity would be expected to correlate with a lower incidence of CMV disease to some degree (3). Detection of antigen-specific T cells in this study relies on the intracellular accumulation of the effector cytokine, IFN-␥ , in functional but secretion-inhibited T cells. IFN-␥ induction was achieved by ex vivo stimulation with peptide pools representing all possible CD4 and CD8 T cell epitopes in pp65 and IE-1 (19, 20) . CD4 and CD8 T cell responses to both proteins were measured at multiple time points in 27 heart and lung transplant recipients and correlated with clinical data. Our study clearly shows that dominance and magnitude of the IE-1-but not the pp65-specific CD8 T cell response correlate with protection from CMV disease.
RESULTS AND DISCUSSION
To assess whether the presence and/or magnitude of CMV-specific T cell responses had an influence on the development of CMV-related complications in 23 heart and 4 lung transplant recipients, responses to IE-1 and pp65 were measured beginning at the time of transplantation and ending between 3 mo and 2 yr after it (monitoring period). Clinical data evaluation always included the complete monitoring period but at least 1 yr after transplantation. No significant effects of donor CMV serostatus and drug regimen on the development of pp65 antigenemia and CMV disease were elicited.
In all patients with a CD4 T cell response to pp65 ("CD4/pp65 response"), a CD8 T cell response to pp65 ("CD8/pp65 response") or a CD8 T cell response to IE-1 ("CD8/IE-1 response"), the reponses were consistently found over time. By contrast, the CD4 T cell response to IE-1 ("CD4/IE-1 response") was frequently undetectable during the first 100 d and therefore not included in further data analysis. Overall, the response distribution was in keeping with previous results (Table I; references 19 and 21) .
Initial data inspection suggested that unlike patients who developed CMV disease ("Disease-Group"), those who did not ("No-Disease-Group") frequently had high CD8 T cell responses to IE-1 ( , after which CMV disease is rare. Notably, one out of nine patients (11%) developed CMV disease within 2 wk, four out of nine (44%) within the first month, eight out of nine (88%) within 3-4 mo, and only one patient (11%) later than that. Therefore, the most Table I . Global CD4 and CD8 T cell response patterns 
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interesting time points for predicting the risk of CMV disease would have been day 0 and 2 wk (Fig. 2 ). Apart from their magnitude (relative frequencies), the relationship between the responses was considered. A response was considered dominant in a patient if it was the biggest response (by relative frequencies) at a majority of time points. The CD8/pp65 response was the most dominant overall (56%), followed by the CD8/IE-1 response (26%), and the CD4/pp65 response (19%). Considering the CD8 compartment alone, CD8/pp65 or CD8/IE-1 responses dominant at day 0 remained so for at least 3 mo in 25 out of 27 patients (93%), whereas changes of the dominant response within the CD4 compartment were not observed at any time. Interestingly, 8 out of 15 patients with a dominant CD8/pp65 response at day 0 developed CMV disease but only 1 out of 12 of the remaining patients did (P Ͻ 0.05; Fischer's exact test [FET] ). Patients with no CD4 response to one of the proteins or both and patients with no CD8/IE-1 response seemed to develop CMV disease more often than the remaining patients (not statistically significant).
Nonparametric longitudinal analysis (22) of the CD8/ pp65, CD8/IE-1, and CD4/pp65 responses between day 0 and 3-4 mo was performed including the factors, time, and group (CMV disease or not). Although time had no significant effect on any parameter, the CD8/IE-1 response (but not the other responses) was significantly different in the two groups (P ϭ 0.00487, with P adjusted for multiple [i.e., three] end points ϭ 0.01461; Fig. 2 , A-C), indicating that this was the only relevant parameter for discrimination between the groups. Therefore, receiver operating characteristics (ROC) analysis (23) was used to identify cut-off levels at day 0 or 2 wk, CD8/IE-1 responses above or below which would indicate a decreased or increased risk of CMV disease, respectively (Fig. 3, A and B) . Interestingly, 100% (9 out of 9) of patients whose CD8/IE-1 response exceeded 0.2% at day 0 remained free of CMV disease compared with only 50% (9 out of 18) of the patients with lower frequencies (P ϭ 0.012, FET; sensitivity ϭ 50%, specificity ϭ 100%, positive predictive value ϭ 100%, and negative predictive value ϭ 50%). Identical results were obtained for a threshold of 0.4% at 2 wk. Moreover, 100% (12 out of 12) of patients whose CD8/IE-1 response exceeded 0.4% at any time during the first month remained free of CMV disease compared with only 40% (6 out of 15) with a lower maximum response (P ϭ 0.001 FET; sensitivity ϭ 66.7%, specificity ϭ 100%, positive predictive value ϭ 100%; and negative predictive value ϭ 60%; Fig. 3 C) . Importantly, IE-1 is the first protein expressed upon CMV reactivation (24) , and as a result, IE-1-specific T cells should be the first to be activated and drawn to sites of replication. Notably, in monocytic precursor cells, which are known to harbor latent CMV, replication is arrested before early-phase proteins are made (24, 25) . Therefore, they express IE products only and might be recognized (and killed) by IE-1-but not pp65-specific CTL. These cells are known to shuttle CMV to endothelia where they mature, become permissive to CMV replication, and eventually pass on the infectious virus (26) . This "feeding" mechanism can probably be intercepted by IE-1-specific but not pp65-specific T cells, which could be one reason why high levels of IE-1-specific CD8 T cells are associated with protection from CMV disease.
There was no statistical association between pp65 antigenemia occurring during the first 3-4 mo and the presence and/or magnitude of any of the measured T cell responses. However, in all patients who had CMV disease, this coincided with their first pp65 antigenemia (tested at least weekly during hospital stays or at each visit). Late pp65 antigenemia (after day 100) occurred in only six patients and was not linked to CMV disease.
Interestingly, in 15 patients the CD8/IE-1 responses were below the above described threshold levels for the response at day 0 or 2 wk, or the maximum response during the first month; however, 6 out of these 15 did not develop CMV disease, indicating that factors apart from the magnitude of the CD8/IE-1 response were related to protection. In this regard, it appeared of particular interest to investigate if patients had a lower risk of developing CMV disease if they recognized a greater number of epitopes. Although all 15 patients had a CD8/pp65 response (13 of which had been mapped), only 12 had a CD4/pp65 response (9 of which had been mapped). The CD8/IE-1 response had been mapped only in patients with a high response, who were not included in this group. In fact, the median number of CD4 epitopes recognized in pp65 was two in patients who did not develop CMV-disease (range 0-3) compared with one in patients who developed CMV disease (range 0-1); however, the difference was statistically not significant (P ϭ 0.232, Mann-Whitney U test [MWU]). It was interesting, however, that four out of six patients who remained free of CMV disease recognized two or more CD4 T cell epitopes in pp65, but none of the patients who developed CMV disease did (P ϭ 0.061, cross-table analysis using FET). At least, this tendency suggested that recognition of several CD4 pp65 epitopes may also be related to protection, which will be investigated in future studies. Meanwhile, there was no difference between the groups with regard to the numbers of CD8 epitopes or the sum of CD4 and CD8 epitopes recognized in pp65 (P ϭ 0.881 and P ϭ 0.624, respectively, MWU). The T cell responses mapped in this patient cohort recognized known dominant epitopes including the CD8 epitopes pp65 [495] [496] [497] [498] [499] [500] [501] [502] [503] (NLVPMVATV, presented by HLA-A2) and IE-1 309-317 (CRVLCCYVL, presented by HLA-B7; reference 6), the CD4 epitope pp65 365-379 (EHPTFTSQY-RIQGKL, presented by HLA-DR11; reference 21), and others (6) . Recognition of these determinants indicated that mutations of IE-1 or pp65 in the clinical strains infecting our patients did not play a significant role for this study.
Results from adoptive transfer studies have demonstrated that CD4 T cells are essential for a lasting immune response against CMV (27) . Although our data suggest that the breadth of the CD4/pp65 response may play a role in protection from CMV disease, we were unable to define critical threshold levels for the frequencies of pp65-specific CD4 T cells at particular time points. With regard to CD8 T cells, however, our results indicate that observing the frequencies of IE-1-specific CD8 T cells early after transplantation might be useful for identifying risk groups in terms of CMV disease. Our findings clearly challenge the paradigm that pp65 is the most important protein recognized by CD8 T cells in human CMV infection. By contrast, the relevance of the IE-1 protein as a T cell target protein is underscored. Moreover, that CMV disease developed only in individuals with a dominant CD8/pp65 response shows that dominance by frequencies does not necessarily indicate relevance in terms of protection. In conclusion, our study demonstrates that the definition of protective levels based on the frequencies of antigen-specific peripheral blood T cells is a realistic possibility for the future. Looking at the right specificities, however, will be crucial.
MATERIALS AND METHODS

Patients and medication.
After written informed consent, 27 patients were enrolled (21 male and 6 female), including 23 heart and 4 lung transplant recipients, with ages ranging from 32 to 67 yr (median 51). Primary disease included cardiomyopathy (15) , coronary heart disease (7), malformation (1), primary pulmonary hypertension (2), and ␣ -1-antitrypsin-deficiency (2) . Table II shows a summary of CMV-related parameters. Initial maintenance-immunosuppressive medication included cyclosporin A (CsA), prednisolone (Pred), and azathioprine (Aza) in 16 patients and CsA, Figure 3 . The magnitude of the CD8/IE-1 response identifies patients who will not develop CMV disease. ROC analysis was performed to define optimum thresholds of the CD8/IE-1 response (relative frequency) that would discriminate between patients who did or did not develop CMV disease. Panels show ROC curves for the response at day 0 (A), 2 wk (B), and for the maximum response during the first month (C). The area under the curve (AUC) for the CD8/IE-1 response graph is indicated. Graphs for the CD8/pp65 and CD4/pp65 responses are shown for reference.
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Pred, and mycophenolate mofetil (MMF) in 11 patients. 7 patients were switched from Aza to MMF later. Immunosuppressive induction therapy included methylprednisolone (Mpred) and ATG bolus in all patients. Acute graft rejection was treated with high dose intravenous Mpred or ATG. Recipients of CMV-seropositive lung transplants received oral ganciclovir (GCV) during the first 3 mo ( n ϭ 4). Patients with CMV reactivation (pp65 antigenemia) were treated with intravenous GCV until pp65 antigen was negative followed by oral GCV for 4 wk. Standard comedication included antibiotics, anti-hypertensive drugs, and diuretics. The study was approved by the Charité Internal Review Board (Ethikkomission Charité Mitte).
Monitoring parameters and period. Monitoring began immediately before transplantation (day 0) in four cases within 2-4 d of transplantation and was performed weekly during hospitalization and biweekly or less frequently in out-patients. In 27 patients, pp65-and IE-1-specific responses were monitored for 2 mo or more, in 26 patients for 3 mo or more, and in 18 patients for more than 1 yr. The median number of monitoring time points per patient was 14 (range: 7-21). Other parameters determined at each visit included pp65 antigenemia by immune fluorescence, CsA levels, echocardiography, electrocardiogram, and standard blood chemistry.
PBMC preparation and ex vivo IFN-␥ induction assay. After preparation from citrated blood (Ficoll-Paque; Amersham Biosciences) PBMCs were washed twice in sterile PBS (GIBCO BRL) and resuspended in RPMI 1640 medium (Biochrome) containing 10% (vol/vol) heat-inactivated FCS (Biochrome), 2 mM L -glutamine (Biochrome), and 100 IU of penicillin/ streptomycin (Biochrome). Cells were incubated in bulk overnight for 16 h at 37 Њ C in a humidified 5% CO 2 atmosphere in loosely covered Falcon 50-ml blue-cap conical tubes (BD Biosciences). Next, 400 l of the volume-adjusted cell suspension was transferred to Falcon 2025 tubes (BD Biosciences). The maximum number of cells per assay tube was 2 ϫ 10 6 . Immediately, 100 l RPMI/FCS medium containing single peptides or peptide pool (4 l of stock solutions) was added. At 2 h, 500 l RPMI/FCS medium was added containing 20 g/ml brefeldin A (BFA; Sigma-Aldrich), corresponding to 2 l BFA stock solution. Final concentrations of (each) peptide and BFA were 1 g/ml and 10 g/ml, respectively. Unstimulated control samples were run in parallel (4 l DMSO instead of peptide stock solution). At 6 h, cells were washed with 3 ml ice-cold PBS (430 g for 8 min at 4 Њ C), resuspended in PBS containing 1 mM EDTA (Sigma-Aldrich), incubated in a 37 Њ C water bath for 10 min to detach adherent cells, spun down (430 g for 8 min at 4 Њ C), and carefully vortexed for 30 s. Cells were then washed with PBS containing 0.5% bovine serum albumin and 0.1% (wt/vol) Na-azide (wash buffer), the supernatant was removed, and tubes were blotted dry. For permeabilization/fixation (one step), the pellets were resuspended in 1 ml of double-concentrated FACS-Lysing Solution (BD Biosciences) containing 0.05% (vol/vol) of Tween 20 (Sigma-Aldrich; reference 21), incubated for 10 min (in the dark at room temperature), washed, resuspended, stained with monoclonal antibodies (100 l total volume at 4 Њ C for 30 min in the dark), and washed once more before analysis.
Antibodies. FITC-conjugated anti-INF-␥ , PE-conjugated anti-CD69, PerCP-conjugated anti-CD3 and allophycocyanin-conjugated anti-CD8 and anti-CD4 were purchased from BD Biosciences.
Peptides. Standard 15-amino acid peptides (11 overlaps) spanning the CMV IE-1 and pp65 proteins (Swiss-Prot Nr. P14332 and P06725, respectively) were purchased (Jerini Biotools). Quality control included mass spectroscopy and HPLC (purity Ͼ 70%). Stock solutions (8 or 80 mg/ml in DMSO) were stored at Ϫ 80 Њ C.
Flow cytometry and data analysis. Per sample, 150,000-250,000 events in the FSC/SSC lymphocyte gate were acquired on a FACS Calibur flow cytometer (Becton Dickinson). For data analysis (CELLQuest software; Becton Dickinson), CD3 ϩ /CD8 ϩ or CD3 Ϫ /CD3 Ϫ events were displayed in a CD69 versus IFN-␥ dot plot. CD8 ϩ or CD8 Ϫ /INF-␥ ϩ cells were expressed as a percent of the respective reference population. CD8 Ϫ CD3 T cells were used as surrogate for CD4 T cells, which is an acceptable approximation for this type of study (21) . Positive events in the corresponding regions in unstimulated samples were subtracted. The assessment of responses was previously described in more detail (19, 21) .
Epitope identification. Epitope mapping was performed based on the ex vivo IFN-␥ induction assay described above using crossover pools of pp65 and IE-1 peptides. All identified epitopes were confirmed using individual peptides for stimulation as previously described in more detail (15, 21) .
Clinical data collection.
Complete clinical data analysis covered at least 1 yr and always exceeded the monitoring period. Diagnosis of CMV disease required at least pp65 antigenemia ( Ն 2 positive cells/200,000), neutropenia, and otherwise unexplained fever. Additional criteria included positive chest radiographs, positive organ biopsy, or other relevant laboratory results suggestive of specific organ involvement.
Statistics. SPSS 11.0 (SPSS Inc.) and SAS 9.0 software (SAS Institute) were used. Differences between two unpaired groups were analyzed using the MWU. ROC analysis was used to define cut-off values (22) . FET was used for cross-table analysis. Nonparametric, factorial analysis of longitudinal data was performed using the corresponding SAS-module according to Brunner et al. (23) . Where applicable, P was adjusted for multiple endpoints (Bonferroni adjustment). Recipients of CMV ϩ graft ( n ϭ 13)
4 (31%) 6 (46%) 3 (23%)
Oral GCV prophylaxis (n ϭ 4) 2 (50%) 0 (0%) 2 (50%)
a All patients were CMV-seropositive before transplantation.
